OBJECTIVEdHaptoglobin (Hp) genotype (Hp 1-1, 1-2, or 2-2) is associated with risk for type 2 diabetes complications, but its relationship with cognitive compromise, a growing concern in type 2 diabetes, has rarely been studied. This study investigated whether Hp genotype is associated with cognitive function in cognitively normal elderly diabetic subjects.
T he prevalence of type 2 diabetes is steadily rising in the Western world, reaching 40% by 85 years of age (1) . Type 2 diabetes, and even prediabetic stages, (2) has consistently been shown to be a risk factor for cognitive decline, mild cognitive impairment (MCI) (3) , and dementia (4), both vascular dementia (5, 6) and Alzheimer disease (5, 6 ). Yet, strategies for prevention of dementia in type 2 diabetes are not available since it is still unknown what factors and underlying mechanisms within type 2 diabetes cause the increased risk.
The haptoglobin (Hp) genotype has been associated with cardiovascular complications in numerous studies (7) (8) (9) (10) (11) in type 2 diabetes but less so in type 2 diabetes-free individuals (12) . Hp is a glycoprotein synthesized in the liver and found in abundance in the plasma. There are two classes of functional alleles (1 and 2) that form three possible phenotypes (1-1, 1-2, and 2-2). Hp binds to free hemoglobin (Hb) released from blood cells as part of red cell turnover (13) , thus inhibiting the considerable oxidative tissue damage resulting from free Hb (through heme iron) (14) . The Hp-Hb complex is rapidly cleared from the bloodstream by the CD163 scavenger receptor expressed in monocytes/macrophages (15) . Hp phenotypes differ in chemical and clinical properties (16) . For example, Hp alleles differ in their ability to clear free Hb from the plasma; Hp(2-2)-Hb complexes are cleared less efficiently from the plasma than non-Hp(2-2)-Hb complexes (14) . Thus, subjects with Hp 2-2 are more prone to oxidative stress (17) .
Previous case-control and longitudinal studies have demonstrated that the different Hp genotypes are associated with clinical advantages or disadvantages depending on specific diseases and the body system involved (16) . Hp 2-2 phenotype is associated with an increased incidence of micro-(7) and macrovascular (8) complications in type 2 diabetic subjects, such that compared with non-Hp 2-2 subjects, those with Hp 2-2 suffer from higher rates of cardiovascular disease (CVD) (8) and nonfatal myocardial infarction (MI) (9) (10) (11) .
The role of the Hp type in cerebrovascular disease and cognitive decline with aging is presently unclear. No consistent or significant relationship has been previously shown between clinically evident large watershed or hemorrhagic stroke and the Hp type in type 2 diabetic subjects. Recent studies (18, 19) , however, suggest that the Hp 1-1 type may be associated with an increased prevalence of small lacunar strokes, identified as cerebral deep white matter lesions (WMLs). Therefore, in this study, we examined the relationship of Hp type with cognitive function in a large cohort of the elderly with type 2 diabetes participating in the Israel Diabetes and Cognitive Decline (IDCD) study and hypothesized that the cognitive profile of Hp 1-1 would be inferior to that of Hp 2 allele carriers based on the recent evidence of the disadvantageous brain microvascular profile (18, 19) .
RESEARCH DESIGN AND
METHODSdThis study was approved by the Sheba Medical Center and Maccabi Healthcare Services (MHS) institutional review board committees.
Sample
This study consists of elderly ($65 years of age) type 2 diabetic subjects who are engaged in the IDCD, a longitudinal investigation assessing the relationship of long-term type 2 diabetes characteristics and cognitive decline. The study is ongoing. Longitudinal follow-up began recently, so the present results are based on baseline data only. Subjects were randomly selected from the ;11,000 type 2 diabetic individuals that are in the diabetes registry of MHS. MHS is the second largest HMO in Israel. The MHS diabetes registry is an integral part of the MHS electronic patient record system and was established in 1999 to facilitate disease management and to improve treatment. Entry criteria to the registry are any of the following: 1) HbA 1c .7.25%, 2) glucose .200 mg/dL on two exams .3 months apart, 3) purchase of diabetic medication twice within 3 months supported by an HbA 1c .6.5% or glucose .125 mg/dL within half a year, or 4) diagnosis of type 2 diabetes (ICD-9 code) by a general practitioner, internist, endocrinologist, ophthalmologist, or type 2 diabetes advisor, supported by a HbA 1c .6.5% or glucose .125 mg/dL within half a year. These criteria have been validated by 20 physicians in MHS against their own practice records (20) . Additionally, age-specific prevalence rates were similar to those of a diabetes registry of another large HMO in Israel (21) . The diabetes registry has collected detailed laboratory, medication, and diagnosis information since 1998 (20) .
Eligibility criteria for the study Subjects are eligible for the study if they are listed in the MHS diabetes registry, live in the central area of Israel, are diagnosed as suffering from type 2 diabetes, are 65 years of age or above, are diagnosed as cognitively normal at baseline (based on a multidisciplinary weekly consensus conference), do not suffer from major medical, psychiatric, or neurological conditions that affect cognitive performance, have three or more HbA 1c measurements in the diabetes registry, and speak Hebrew fluently and have contact with an informant for at least 10 h per week. The latter criterion was implemented to ensure obtaining of data regarding the existence of functional impairments secondary to cognitive changes as well as information on changes in behavior, both of which are important for diagnosis of cognitive status, especially in cases that are on the border between normal cognition and MCI or early dementia.
Subject recruitment process
The MHS team performs a thorough screening of the diabetes registry and the MHS electronic patient record in order to identify potential subjects, excluding anyone with an ICD code for dementia or its subtypes, treated with prescribed cholinesterase inhibitors, or with a major psychiatric or neurological condition (such as schizophrenia or Parkinson disease) that could affect cognitive performance (Fig. 1) . After random selection of subjects, letters are sent by MHS to the primary care physicians, asking for permission to contact each patient regarding the study. If the doctors agree, letters are sent to the subjects briefly describing the study and saying that they will be contacted by phone in the following 2-week period. Then the MHS team calls the subjects and asks for their participation after determining that they are fluent in Hebrew and have a family member or caregiver whom they see at least 10 h per week who is willing to be an informant for the study. Subjects who are willing to participate in the study are assessed at their residence (or they come to the Sheba Medical Center Memory Clinic, according to their preference) in two phases. First, the subject is visited by a study physician who, after the subject signs the informed consent form, performs medical, neurological, geriatric, and nutritional assessments (food frequency questionnaire) and draws blood for inflammatory markers (IL-6 and CRP) and Hp and apolipoprotein E (APOE) genotypes. In the second phase (optimally 2 weeks after the physician visit), the subject is visited by a neuropsychologist who administers a cognitive battery (described below) and questionnaires to the subject and informant for cognitive and functional impairment and for depression and behavioral disturbances characteristic of dementia. All subject cognitive data are discussed by a multidisciplinary consensus conference team in order to define the subject's cognitive status (as cognitively normal, MCI, or dementia and their subtypes). If the subject is cognitively normal at baseline, the IDCD has follow-up interviews at 18-month intervals. If the subject has dementia, there is no additional followup. Subjects who are diagnosed as MCI at baseline are not included in the study; however, subjects who convert from cognitive normal status to MCI during followup continue their participation in the study until conversion to dementia.
Cognitive assessment
The Clinical Dementia Rating scale. The Clinical Dementia Rating scale assesses, through an interview with the subject and an informant, the severity of cognitive and functional impairment in six domains: memory, orientation, judgment and problem solving, community affairs, home and hobbies, and personal care (22) . Mini-Mental State Exam. The MiniMental State Exam (MMSE) is a 30-item questionnaire assessing orientation, concentration, memory, and language (23) . Outcome measures. The outcome measures were based on a comprehensive neuropsychological battery. All neuropsychological test scores were transformed into z scores. Factor analysis revealed four cognitive domains, which were then scored as totals of z scores: episodic memory factor (included word list immediate and delayed recall and recognition from the Consortium to Establish a Registry for Alzheimer's Disease [CERAD] neuropsychological battery) (24) , semantic categorization factor (25) (included the letter [26] and category fluency [24] and similarities [27] ), attention/ working memory factor (included the diamond cancellation and digit span forward and backward tests) (28) , and an executive factor (included the Trail Making Test, Parts A and B [24] and the Digit Symbol Test [27] ). Finally, we computed an overall measure summing the scores of all four domains (overall cognitive score).
Diagnosis of MCI and dementia

Diagnosis of MCI was based on the Peterson criteria (21). Dementia diagnosis was based on the DSM criteria (29).
Hp typing Blood samples for Hp typing were taken during the physician assessment. Immediately after the bloods were drawn into an EDTA-containing vacutainer tube, the tubes were placed in an ice box until handling at Sheba Medical Center. Within up to 6 h from phlebotomy (as recommended), the bloods were centrifuged and serum was stored at 2708C until determination. Hp typing was performed on stored plasma samples by polyacrylamide gel electrophoresis as previously described (30) . In brief, 10 mL of Hb-enriched plasma was subjected to electrophoresis in a nondenaturing gel, and the gel was subsequently immersed in solution containing a congener of benzidine with a precipitate forming in the gel corresponding to the location of Hb-Hp complexes. The Hp type of the sample was determined by the banding pattern of the Hp-Hb complexes with each of the three Hp types having a characteristic banding fingerprint. Previous work established a 1:1 correspondence between this method and a PCR-based method for Hp genotyping (30) .
Covariates
The sociodemographic covariates were age at the time of cognitive assessment, years of education, sex, and number of follow-up years in the registry. The cardiovascular covariates were BMI, creatinine, total cholesterol, triglycerides, diastolic and systolic blood pressure, and HbA 1c . For the cardiovascular covariates, we used the average of all the subject's measurements available in the MHS diabetes registry.
Additional data from the MHS diabetes registry
Microalbumin levels in the urine were used to reflect microvascular disease, whereas diagnosis of MI was used to reflect macrovascular disease.
Statistical analyses
and cardiovascular factors (BMI, creatinine, total cholesterol, triglycerides, diastolic and systolic blood pressure, and HbA 1c ).
RESULTSdOne thousand two hundred and eighty-eight subjects passed the preliminary screening, expressed consent to participate, were approached by a study physician, and signed informed consent. Of these 1,288 subjects, 282 (21.1%) were excluded from the study due to incompatibility with eligibility criteria (based on physician assessment), 109 (8.5%) refused to continue their participation in the study, and 897 remained active participants. The present analysis consists of 850 subjects who had an Hp genotype available, 87 with Hp 1-1, 350 with Hp 1-2, and 413 with Hp 2-2. Of these, 84, 335, and 393, respectively, had full data on demographic, cardiovascular, and cognitive data to allow comparisons. Table 1 describes the sample by Hp type. The entire sample's average was 72.9 years of age (SD 4.7) and 39% were women. Average education was 13.1 years (SD 3.4). Subjects were in the diabetes registry for 10.5 years (SD 1.4) on average, and their MMSE score was 28.0 (SD 1.8), consistent with a cognitively normal status in a sample with a broad education range. The mean HbA 1c was 6.8% (SD 0.8), consistent with good diabetes control. The three groups of Hp genotypes did not differ significantly in any characteristic except for the MMSE, for which the Hp 1-1 had poorer performance (P = 0.02). Cognitive function by Hp genotype As depicted in Table 2 , compared with Hp 1-2 and Hp 2-2, cognitive function (presented as z scores) of Hp 1-1 genotype was lower in all categories. Compared with subjects with the Hp 1-2 genotype, Hp 1-1 subjects performed significantly worse in semantic categorization (F = 7.03; P = 0.008) and overall cognition (F = 5.57; P = 0.02) (Table 3) . Similarly, compared with subjects with Hp 2-2 genotype, Hp 1-1 subjects performed significantly worse in semantic categorization (F = 4.18; P = 0.04) and overall cognition (F = 4.70; P = 0.03) ( Table 3 ).
Since the results of the comparisons of Hp 1-1 with each of the Hp 2 carriers on cognitive functions were substantially similar (Tables 2 and 3) , and in order to minimize multiple comparisons, in a secondary analysis, examining the relationship of cardiovascular risk factors and cognition by Hp genotype, we compared Hp 1-1 to Hp 2 carriers (Hp 1-2 and Hp 2-2). For each of the cognitive domains and overall cognition, for Hp 1-1 and Hp 2 carrier groups separately, stepwise multiple regressions evaluated the collective association with the seven cardiovascular risk factors, controlling for the demographic predictors. Since the sample sizes of Hp 1-2 and Hp 2-2 were at least eight times as large as the sample size for the Hp 1-1 group, the difference in power makes P values inappropriate when comparing the usefulness of cardiovascular predictors to cognition in the two Hp groups. A conditional r showed the proportion of variation not explained by the demographic predictors that was explained by the cardiovascular predictors. The distribution of each conditional r was approximately normal (31), so a Student t test (for normal distributions with different SDs) was used to compare them. For descriptive purposes, ANOVA and x 2 were used to compare the three Hp groups to describe demographic and cardiovascular characteristics. Table 4 shows the conditional r (the proportion of variation not explained by the demographic predictors that was explained by the cardiovascular predictors) in the two groups. In the Hp 1-1 group, the association of cardiovascular risk factors with cognition was significant for semantic categorization (P = 0.008), attention/ working memory (P = 0.002), executive function (P = 0.05), and overall cognitive score (P = 0.05). In the Hp 2 carrier group, the association of cardiovascular risk factors with cognition was significant for semantic categorization (P = 0.03), executive function (P , 0.0005), and the overall cognitive score (P = 0.001). Compared with Hp 2 carriers, the conditional r was significantly higher in subjects with Hp 1-1 genotype for the semantic categorization (P = 0.009), attention/working memory (P = 0.002), and overall cognitive score (0.05). Cardiovascular risk factors were not associated with the episodic memory domain in either genotype.
CONCLUSIONSdThe current study reveals two important findings. First, compared with Hp 2 carriers (both Hp 1-2 and Hp 2-2), subjects with Hp 1-1 genotype performed significantly worse in the semantic categorization domain and the overall cognitive score (reflecting lower performance in the summary of all cognitive domains). Second, in both Hp 1-1 and the Hp 2 carriers, cardiovascular risk factors were associated with cognition with significantly stronger associations in the Hp 1-1 group for semantic categorization, attention/working memory, and overall cognition. Cardiovascular risk factors were not associated with the episodic memory domain in either group.
To the best of our knowledge, this is the first study to report an association between Hp type and cognition in type 2 diabetic subjects. In subjects with posttraumatic brain injury, a similar association was demonstrated, such that subjects with Hp 1-1 genotype had lower scores on verbal IQ and motor tests at 1 and 12 months after injury (32) .
Previous studies have shown that Hp 2-2 genotype is associated with a less favorable cardiovascular profile. Since the latter is associated with cognitive function (33), Hp 2 allele could be expected to be associated with lower cognitive performance. However, the role of Hp in vascular pathology may differ according to the vascular bed (brain vs. periphery); the frequency of Hp 1-1 genotype was significantly higher and frequency of Hp 2 allele was significantly lower in a cohort of subjects with first symptomatic lacunar stroke due to small vessel disease compared with their frequency in healthy controls (18) . Consistent with this finding, in hypertensive subjects with asymptomatic small vessel disease, Hp 1-1 was associated with larger volumes of deep WMLs when adjusting for age, sex, brain volume, 24-h mean arterial pressure, duration of hypertension, and previous antihypertensive treatment (19) . Lacunar strokes and WML have been consistently associated with compromised cognitive functioning (34) . These studies are consistent with the present neuropsychological findings and may explain the different role of Hp genotype in the brain compared with its role in the periphery. Several mechanisms have been suggested to underlie the pathogenesis of small vessel disease (which includes WML and lacunar infarcts) (35) in the brain of Hp 1-1 carriers. Among these are endothelial damage, compromised ability to form new blood vessels, and ineffective functioning of the blood-brain barrier (18) . These hypotheses are based on findings pointing to the association of Hp 1-1 with decreased activity of epithelial progenitor cells, which are involved in endothelial repair (35) , a process that may attenuate the trajectories of damaged epithelium (35) . In contrast, Hp 2-2 has been demonstrated in vitro to be superior in the promotion of new blood vessel formation compared with other Hp phenotypes (36) .
An alternative explanation for our findings is a possible interaction of Hp genotype with hypertension, a risk factor for dementia by itself (37) . Though groups stratified by Hp genotype did not differ in mean systolic or diastolic blood pressure values, the negative association between cardiovascular risk factors (including blood pressure) and cognition was consistently stronger in Hp 1-1 compared with Hp 2 carriers. In line with our findings, higher levels of Hp in hypertensive men were associated in a previous study with higher risk for stroke (38) and other sequelae of cardiovascular risk factors (39) . These levels vary by genotype, with Hp 1-1 values being highest (39) . The mechanisms for these associations are not fully understood.
The interaction of Hp genotype and cardiovascular risk factors was associated with lower cognitive performance in semantic categorization, attention/working memory, and overall cognitive score, with a similar trend for the executive function but not episodic memory domains. These findings may suggest that in type 2 diabetic subjects, a vascular mechanism (34) is involved in cognition rather than a hippocampal-related mechanism, which manifests typically in episodic memory impairment (40) . Accordingly, the association of diabetes with performance for executive functions and overall cognition, but not episodic memory, has been demonstrated by some (41,42), but not all (43) , previous studies.
This report is based on cross-sectional data; thus, we cannot rule out that the present results reflect an artifact of the selection of subjects. Hp 2 carriers, who tend to have more CVD (8, 44) , might have had higher mortality, morbidity, or cognitive impairment that precluded their participation in the study. Some previous cross-sectional studies have also demonstrated higher prevalence of CVD in Hp 1-1 carriers, but in longitudinal follow-up, Hp 2-2 was consistently associated with more incident events (44) . The longitudinal follow-up of this sample is essential to shed light on this potential limitation and the interpretation of the current results.
Strengths of this study include the large sample, validated diabetes diagnosis for each subject, strong validity for risk factor levels and medical diagnosis, and thorough cognitive evaluation. The main limitation of this study is lack of brain imaging, thus limiting our ability to distinguish the vascular contribution to the association of Hp with cognition. The Hp phenotype is not available for subjects from the MHS diabetes registry who were excluded from the study, and the results reported here are cross-sectional (44) . An additional limitation is lack of measurement of crystallized intelligence, preventing the evaluation of the contribution of this factor to our results. Nevertheless, we did control for education, which is a major contributor to crystallized intelligence. Women are slightly underrepresented in the study, potentially affecting generalizability of the results. Israel has a strong family-oriented culture, so a major role in grandparenting has been the primary reason of refusal of women to participate in the study. Subjects who do not have contact with a caregiver for 10 weekly hours were excluded to optimize diagnosis of cognitive status. This exclusion, however, may limit applicability.
In summary, in our sample of subjects with type 2 diabetes, cognitive function is associated with Hp genotype, being worse for Hp 1-1 compared with Hp 2-2 and Hp 1-2 genotypes. The cognitive domains affected are semantic categorization and overall cognitive score. Episodic memory is not affected. Furthermore, cardiovascular risk factors are associated with cognitive function in different domains (but not episodic memory) in all genotypes, but more strongly in the Hp 1-1.
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